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Q// GENERATION OF S SHORT DURATION PULSES IN LINEAR MHD GENERATORS D

(_LO‘—)Malcolm S. Jones, Jr 5 Charles N McKmnon ﬂVernon H. Blackman
MHD Research, Inc’”
Newport Beach, California -

1. Introduction

One of the most interesting aspects of
MHD power conversion is the potential for ob-
taining high power densities in the energy con-
version section. For example, in experiments
with a small size, explosive driven MHD
generator, reporfsd in this paper, power densities
as high as 2 x 10"~ watts per cubic meter have
been obtained. This potential offers many possi-
bilities for an MHD generator, which would be
relatively small in size - light in weight per unit
output, as a source of pulsed electric power, or
more descriptively, pulsed electric energy.

Preliminary results obtained with the ex-
plosive driven MHD generator were presented in
Reference 1. The present paper gives additional
data on these experiments and presents data
from a series of experiments conducted in two
different size channels under a variety of initial
conditions. These results are compared with
various theoretical models,

The peak power which has been generated
by this technique is 23 MW (Reference 2), This
output was evidenced as an output current of 30
kA into a 25. 8 milliohm resistive load to pro-
duce a terminal voltage of 770 volts. The MHED
channel used in these experiments was | inch by
4 inches in cross section with electrodes 18 inches
long. The pulse length was 60 usec. The trans-

verse magnetic field was 2. 35 webers/m“. The
total electrical energy delivered to the load in

this case was 750 joules. The driving energy
was derived from the detonation of 15 gms of
RDX explosive in shaped charge geometry seeded
on the front surface with 0.4 gms of cesium
picrate. The conversion efficiency, chemical to
electrical was 1%. Higher efficiencies can be
readily obtained by using stronger magnetic
fields and a longer generator. The time scale of
the power pulse in the present experiments varied
between 5 and 100 usec depending upon the length
of electrrdes in the generator and the density of
gas initially in the generator channel. Pulse
lengths of between 1 and 200 usec would be
characteristic of practical systems based on the
explorive driven MHD converter technique.

*This work was supported by the Advanced
Research Projects Agenc
Naval Research,
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Extensive experimental and theoretical work
has been performed on the explosive driven MHD
Zenerator concept to determine the basic physical
processes occurring in the generator arnd to ob-
tain the data necessary to scale the results to
larger sized units with usable outputs. These in-
vestigations have covered: (1) the choice of ex-
plosive and explosive geometry, (2) the choice of
pressure and composition of gases initially in the
channel, (3) the.selection of the optimum load and
its proper placement across the electrodes, and
(4) the effect of electrode geometry, magnetic
field intensity, and the channel aspect ratio upon
power output. The velocity, pressure, and con-
ductivity of the detonation products was also
determined.

From these studies it has been determined
that highly conductive detonation products with a
measured conductivity about 1100 mho/meter,
are produced by seeding condensed explosives
with a low ionization potential material such as
cesium picrate. In the pulsed generator, the
seeded detonation products pass at high velocity
{10 km/sec) through an MHD channel which has a
transverse magnetic field of up to 2, 35 webers/m
so that the maximum induced voltage, u'x B, is of
the order of 200 volts/ecm. The current is ex-
tracted by means of copper electrodes in contact
with the detonation products and conducted to an
externa’ load. The detonation products are slowed
as kinetic energy is converted to electrical energy
and removed from the system,

On the basis of the experimental data pre-
sented herein it is now possible to predict the
characteristics of explosive driven MHD gener-~
ators with a fair degree of accuracy to meet a
specified pulse requirement withi. ‘he applicable
time range. :

2. Theorz

The generation of pulsed power by MHD
means from condenved explosives is a direct out-
growth of steady state experimentation and follows
a somewhat parallel theoretical development. It
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is instruciive to recall that th~ ulectric power
gvenerated in an MHD generator feeding a
resistive load is given by the relation

2 2

P=IRL:gBdI-IRi, (1)
where
P = power in watts,
u = velocity in meters per second,
= magnetic field in webers
per meter”,
RL = load resistance, ohms,
R, = generator internal resistance,
i ohms, and
d = electrode separation, meters.

The generator internal resistance Ri is
given as

where Ri =3’S—a' » (@
¢ = plasma conductivity, mho/m,
b = channel width, meters,
a = length of conductive region in

axial direction, meters.

The maximum power is delivered to the

load when R, = R, . It can be shown that in the
:i X
low magnetic Reynolds number approximation,
the maximum power output per unit volume is
given as 2.2
P _ ouB

W™ TT ()

For the high pressures in the detonation
product flow, the electron mean free path is
small compared to the Larmor radius and there-
fore the Hall effect can be neglected.

Equation (3) implies that the magnetic
Reynolds number is small and the current can
increase without limit. However, at high
magnetic Reynolds numbers where the magnetic
Reynolds number is given as

Ry = woul, (4)
where }
U = permeability,
0 = conductivity,
u = velocity, and
L = characteristic dimension

which arises from the
solution of Maxwells equations,

there is a maximum current which can be induced
in the plasma. This current can be expressed as

_ 2Bd
max M

) (5)

(o]

which would occur when driving low impedance
loads.
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In the explosive driven generator the
velocities are 10 m/sec, and the conductivity is
10° mho/meter. Therefore, in a laboratory scale
experiment with L = 0.04 meters,

7 3 2

R, =4rx 10" x10°x10%x 4x 107% = 0.5.

M
We must therefore conclude that, in laboratory
devices which are driven by condensed explosives,
Equation (3) must be modified to some extent
since Re,, is not much smaller than one. If large
devices are considered, i.e., L. ~ | meter, then

ReM> 10.

Equation (3) is definitely no longer valid, and the
large Reynolds number expression must be used
for power density. In Reference 3, this condition
is shown to be given in the limiting case by the
relation 2
p . 2B

£

Au, (6)

where A = bd is the cross sectional area of the
channel, For Re,, ~ 1 the power density will be
between that given in Equations {3) and (6).
Equation (6) arises from the fact that when

Re 1, the currents induced in the plasma con-
dué\éor give rise to a magnetic field. This field is
equal ‘n magnitude to the initial field ahead of the
moving conductor and in a direction such that the
field value is doubled ahead of the conductor while
the field behind the current sheet drops to zero.
Thus, the braking pressure given by

P, = S‘(j x B)zdz

(where z is along the direction of motion) becomes
_ 2B

m

Therefore, the rate at which werk is done is
given by the product of this braking pressure and
the rate at which volume is swept up, which is
expressed as Equation (6).

It is interesting to notice that the power
production for the case of R, ,%» 1 is independent
of ¢ and only depends on u to %e first power.
Thus, in large scale, pulse power devices it will
not improve power output markedly to increase ¢
much beyond the point where Re,, ~ 3-4. It then
becomes more important to maximize the velocity
with which the conducting slug moves against the
field, and to maximize the magnetic field. The
removal of electrical energy from the system will,
of course, slow down the detonation products.
This effect has been experimentally observed.

3. Experimental Apparatus

The experimental apparatus used for the
experiments consists of five basic parts as shown
in the schematic in k'igure 1. These are: (1) ex-
plosion chamber or driver section; (2) the MHD
channel or test section; (3) diagnostic instru-
mentation; (4) electromagnet, and (5) evacuated
dump tube and tank. Figure 2 is a photograph of
the complete facility; Figure 3 is an ""exploded
view' of the 1 inch by 4 inch generator. The
explosive driver, the black object in Figure 3
just below the explosion chamber, is a 7.5 gram,




commercial shaped charge jet perforator. The
explosive in the jet perforator is generally a
waxed RDX {cyclo-trimethylene-trinitramine)
composition. The copper liner of the perforator
is removed prior to firing the charge. Firing

is initiated by an electric blasting cap which sets
off the explosive primacord. The primacord
serves as an explosive train to carry the
detonation to the booster at the base of the RDX
charge. The explosive is seeded with a low
ionization potential compound {cesium picrate)
in a fashion which is described in a subsequent
section. The charge (or charges) is held in
place in the explosion chamber by a polystyrene
spacer which provides standoff of the condensed
explosive from the metal walls,

The driver section, or MHD generator
proper, shown in Figure 3 is a steel channel.
The walls of this test section are 0. 75 inch
thick. The top and bottom spacer bars which
hold thes electrodes are of stainless steel; the
channel sidewalls are made of soft magnetic
steel, The purpose of soft steel is to reduce
the width of the gap in the magnet. With 2 lower
reluctance, a given power source can produce a
higher magnetic field in the test section. The
inside walls of the channel are insulated with
fiber reinforced phenolic strips (micarta}, The
test section is fitted with copper electrodes which
ave flush with the inside walls as shown in
Figure 3. In some experiments, continuous
electrndes the length of the generator were used.
In other experiments the electrodes were spaced
on two inch centers down the channel. The
electrodes were unheated copper, 1.0 inch wide,
but of varying lengths in the flow direction. The
space between the segmented electrodes is filled
with phenolic strips to maintain a smooth contour.
In addition to experiments in the 1 inch by 4 inch
channel, an MHD channel of 1 inch by 1 inch (in
the direction of u x B) was also studied. It was
the purpose of the experiments in the two chan-
nels to study the effect of aspect ratio and
scaling parameters,

Readout of data has been accomplished
with Tektronix 551 dual-beam oscilloscopes
equipped with Polaroid cameras. A small
triggering electrode, situated at the explosion
end of the test section, senses the u x B voltage
developed by the detonation products and
triggers the oscilloacope sweeps. Resistive
loads are fastened across the electrode pairs on
the outside of the channel as indicated
schematically in Figure 1. The resistive loads
pass through the slots milled into the outside of
the side plates (shown in Figure 3) so as to pro-
vide a minimum inductance path.

The cylindrical dump tank and muffler at
the left side of Figure 2 is evacuated by a
vacuum pump. T.2 exit from the test section
into the tank {s sealed with a mylar dlaphragm
which is ruptured by the pressure pulae. The
dump tank is employed strictly in order to
muffle the noise produced by the explosive charge.
The channel can be evacuated by a separate
vacuum system, and then filled to a low pres-
sure with any gas to be studied such as air,
argon, helium, etc.
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In the power generation experiments, the
primary emphasis was placed upon the measure-
ment of the voltage and current in the external
load. Because of inductive eifects, the voltage
drop V across the external load is the sum of
the ohmic drop and an inductive drop, i.e.,

V=IRpL I, (7)

where I is the current, Ryis the load resistance,
L the load inductance, and -1I/dt is the time rate
of change of the current. Therefore, during the
early part of the pulse when the current is rising,
the voltage drop is greater than IRj,and corres-
pondingly when the current is falling the voltage
drop will be less. Therefore, it is not possible
to determine the current from the measured
vcliage drop across the load resistor unless
di/dt and L are also known. Sir‘:)ce time rates of
change of current as high as 10 amperes/sgc
were observed, a load inductance of 5 x 10
henries resulted in a 50 volt inductive signal.

The voltage across the load was measured
by means »f coaxial cables which were connected
to the differential inputs of a Tektronix type CA
preamplifier. The recorded signal was the
algebraic sum of the signals from the two ends of
the load resistor. The cables were terminated in
their characteristic impedance to avoid reflections,
The outer shields were not grounded at the input
end. The measurement was carried out in this
fashion so that the load gould be floated with
respect to ground potential, The recording
oscilloscopes were grainded to the test section
at only one point, through the coaxial cable to the
trigger electrode, so that ground loops wers
avoided.

The current through the load was measured
separately by an inductive pick-up technique.
The basic principle is to sense the magnetic field
caused by the current through the load circuit.
In practice the time rate of change of the magnetic
field, dB/dt is sensed as a voitage by a pick-up
coil placed near the conductor and then integrated
with respect to time. For a pick-up coil of N
turns, each with a mean area of A, at an average
distance of r from the conductor, the induced
voltage signal is:

-7
Vi=NAdB/dt=2x10rNAdI/dt. (8)

The voltage signal Vv, is then integrated
electronically in an RC ne&vork to produce a
signal proportional to the current. Th.s system
can be calitrated by determining the respones to
a known current, or by determining the electrical
characteristics of the system including: (1) the
mutual inductance between the pick-up coil and
the circuit conducting the current to be measured,
(2) the number of turns on the coil, and (3) the
resistance and capacitance of the integrating net-
work,

If a toroidal pick-up coil is used, the
response is independent of the location of the
current carrying conductor, provided that the
toroid is uniformly wound and encircles the
current carrying conductor. When using a
toroidal cell the coefficient of coupling between

N
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the conductor in which the current is being
measured and the pick-up coil can be expressed
as the ratio L/N where L is the inductance of
the toroidal coil and M is the numher of turns
on the pick-up coil, ~ The details
coil and integrator are shown in Figu.« 4. To
elimimate signals due to externally generated
time varying magnetic fields, (when viewed
from the above toroid appears as a une-turn
coil) the toroid is wound sc that the return

lead provides a back turn. This turn, *o a first
approximation, cancels out any voltage signal
induced in the toroid by magnetic fields whose
source is external to the toroid.

Crodocal

4, Power Generation Experiments

Figure 5 is a typical oscilloscope trace of
the current and voltage output of the i inch by
4 inch explosive driven MHD generator with
18 inch long continous electrodes. For this
experiment the magnetic field was 2.35 w/m",
The channel had previously been evacuated and
was filled to an initial pressure of 10 mm Hg.
The load resistor for this case had an initial
resistance of 20.1 milliohms and the channel
was powered with two shaped charges with a
total explosive of 15 grams of RDX. Each
charge was seeded with 20 mg of cesium picrate.
The sweep speed of Figure 5is 10 microseconds
per centimeter, The upper trace, which shows
the voltage, has a gain of 200 volts/cm, while
the current, shown in the lower trace, is
10.7 kA/cm. The peak current, which occurs
about 30 microseconds after the start of :he
trace is 30 kA, The peak voltage which occurs
at a later time, i.e., about 45 micruucconds,
i. 800 volts. The power output of the generator
whick is the product of the current and the volt-
age, is suown as a function of time in Figure 6.
The peak power in this pulse is about 23 MW
which continues for approximately 15 micro-
seconds after the time of peak current. The
total pulse l2ngth is 60 microseconds, The
value of the load resistance, as determined
from the voltage divided by the current, is also
shown in Figure 6. It can be seen that the
resistance increases as the load heats up. The
energy delivered to the load, why .. can be cal-
culated by summing the area under tne power
versus time curve in Figure 6, is 750 joules.
For this experiment where two chargss were
used to drive the channel, the chemical energy
in the 15 grams of RDX contained in the charges
is approximately 75, 000 joules., Therefore, the
overall conversion efficiency of the system,
chemical energy to electrical energy, is
presently 1%. Higher conversion efficiencies
can bc obtained by: (a) increasing the magnetic
field, (b) increasing the utilization of the
explosive through appropriate changes in
geometry, and (c) increasing the channel length
since the gases are still highly conductive when
they leave the generator, so that additional
eneryy can be converted.

As an independent check of the energy
delivered to the load, calorimetric calculations
have been performed for the load resistor used
with the 1 inch by 4 inch channel. The initial
load resistance at 20 C for the pulse shown in
Figure 6 waa C.020 ohmsa. As energy is
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dissipated in the load during the pulse, the load

i3 heated and the resistance increases as noted,
to a value of 0.035 ohms. From the increase in
resistance, and the known temperature coefficient
of resistivity, mass of the load, and the specific
Eact of the load material, tl.: energy dissipated

in the load can be calculated :s 710 joules which
agrees within 6% with the value calculated frem
the electrical measurements.

To investigate the effect of load resistance
upon power output, the data from the shot shown
in Figure 5 is plotted together with other data
taken in the 1 inch by 4 inch generator as Figure
7. This figure gives power outputs as a function
of load for three separate gases initially in the
channel: air, argon, and helium at 10 mm Hg
initial pressure. It is seen that the highest
power output was obtained using helium with a
load resistance of 20 mill'ovhms. The limited
data which is available, and shown in Figure 7,
suggests that the optimum load resistance for
the 1 inch by 4 inch channel is approximately 20
millichms.

To examine the variation in optimum load
resistance with generator size, the power out-
put for the 1 inch by ] inch generator is plotted
as a function of load resistance in Figure 8. The
data on which this figure is based is similar to
the data which was shown in Figure 5 except that
the voltage levels are somewhat lower because
of the smaller electrode separation. Figure 8
shows that the maximum power output in the 1 inch
by 1 inch channel was achieved with a load
resistance of 5 milliohms. This data indicates
that the optimum load for a channel should be
about.5 milliohms per square unit of channel
cross sectional area. The power output in the
smaller channel was approximately a factor of
two larger when argon was used as the filling
gas. However, in the larger channel the
superiority of argon and helium over air as a
filling gas is not clear. Having seen that ap
preciable power outputs can be achieved, a
number of experiments have been conducted to
investigate the effect of various parameters in
MHD generator operation in order to optimize
the generator output. The following section dis-
cusses this experimental program in some detail.

5. Technical Studies

Inasmuch as an understanding of pulsed
generators simultaneously covers several areas
of technology, i.e,, explosives, MHD power
generation, shock waves, ionization in explosives,
etc., it was necessary to conduct a rather ex-
tensive program to investigate the effects of the
many parameters upon the output characteristics
of the cxplosive driven MHD generator. Since
the power ~utput of the generator depends
primarily upon the velocity of the working fluid,
the corductivity of the working fluid, the strength
of the magnetic field, and the characteristics of
the electrical 'oad; the major emphasis was
placed upon an investigation of these parameters
and their effect upon the electrical output of the
generator. A number of subsidiary studies were
conducted in support of this objective, includin;
measurements of the pressure in the channel,
atudies of the effect of explosive geometry
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variations, and studies of the optimum explosive
composition., Certain of these studies are pre-
sented in the following sections:

Variation of Velocity with Initial Pressure

One of the important parameters in
determining the output of the explosive driven
MHD generator is the velocity of the conductive
zone, inasmuch as the output power varies
directly with velocity in the high magnetic
Reynolds number case, and as the square of the
velocity for low magnetic Reynolds numbers. In
the initial experiments with the channel at
atmospheric pressure, it was determined that
the velocity of the conducting detonation products
was approximately 6 km/sec. However, if the
pressure initially in the flow channel was reduced,
a higher velocity was observed, Tnerefore, a
systematic investigation of the variation in
velocity with initial pressure was conducted.

In these experiments, the velocity of
propagation of the conducting detonation products
was measured by determining the time of arrival
of the front of the conducting region at various
stations along a 1 inch by | inch channel. The
timing pulses were generated by discharging
capacitors across several of the electrode
pairs in an auxiliary channel which was instru-
mented expressly for these measurements,
Arrival of the conducting zone at the electrode
pairs allowed the capacitor to discharge throvgh
the channel and produced a voltage pulse across
a 100 ohm resistor placed in series with the
capacitor. Figure 9 is an X-t diagram showing
the time of arrival of the front at various stations
along the channel for several values of initial
channel pressure.

The consistency of the velocity data obtain-
ed on different shots is excellent, with a vari-
ation of only a few percent in an extended series.
The velocity, as determined from the slope of
the X-t curve near the origin, has an initial
value of about 12.5 km/sec for an initial pressure
of 0.1 mm Hg of air. Some attenuation can be
noted with distance down the channel, particularly
at the higher pressures. The data suggest that,
in the region between atmospheric pressure and
100 mm Hg, the velocity of the front increases
slowly as the pressure is reduced. For initial
pressures below 100 mm Hg, the velocity in-
creases much more rapidly. For 10 mm Hg, the
pressure nsed in the majority of the experiments,
the average velocity is 10 km/sec, with little
attenuation along the channel. While higher
velocities could have been achieved by
evacuating the channel to lower initial pressures,
it was difficilt to reliably attain lower- pressures
after a number of shots in the apparatus because
of deformation of the sealing surfaces and the
10 mm Hg initial pressure was chosen as the
operating pressure. It should be noted that,
for most of the shots in the 1 inch by 1 inch
channel, mylar diaphragms were used at both
ends of the channel, and only the chan..el proper
was at the low pressure. The expiosive was at
atmospheric prcesure in the | inch by 1 inch ~
channel. However, for most ¢’ the experiments

in the | inch by 4 incu channel, tk: explosive
chamber was also evacuated.

Of considerable interest has been the ex-
planation of the variation in velocity with initial
pressure. Four theoretical models were ex-
plored in some detail to determine a possible
reason for the variation in velocity with initial
channel pressure. These models were:

1. blast wave,
2. the fast jet,

the solid propellant driven
shock tube, and

4, shock wave.

The details of these studies are contained
in Reference 4 where it was found that none of
these models could adequately explain the ob-
served variation.

The blast wave raodel 5 predicted that the
poaition of the front should vary with time as

1/2
t:'Sﬁ:E R3/2 , (9)

where E is the energy release, P _the initial gas
density and B a constant which depends upon the
specific heat ratio of the shocked gas and the
geometry of the shock wave. The atmospheric
pressure data fits this relation quite well. How-
ever, at lower pressures, i.e., as 0 _approached
zero, the above relation does not fit the data.

The fast jet mndel 6was patterned after the
fast jets observed from the collapse of cylindrical
liners of light metals by condensed explosives.
The model was discarded when it was discovered
that the same high velocities were obtained at low
pressure when using flat faced charges instead of
the cone shaped charge.

In the solid propellant driven shock theory7.
no variation with initial pressure was predicted.
The data are obviously at variance with this theory.
and it was accordingly rejected.

Considerable effort was expended in ex-
amining the applicability of the shock wave model.
This theory predicts that if the conductivity were
due tc shock heating of the air and the cesium
seed material, the conductivity would vary
matrkedly as the initial pressure was changed in-
asmuch as the shock traveled faster, e.y., the
shock Mach number increased. The shock wave
theory predicts that for a corstant driver gas
pressure in the explosion chamber, the Mach
number should vary approximately as the inverse
square rcot of the initial pressure, as in the
blast wave model. The shock wave model also
predicted a variation in shock peak pressure with
initial pressure. It was found that the shock wave
model failed three experimental tests in that:

{a) the variation in conductivity with initial pres-
sure, or veiocity, was much smaller than
predicted, (b) the velocity did not vary as the
inverse square root of the initial pressure, and
(<) by the use of propane, which has a specific
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heat ratio of ¥y = 1.1 1, instead of ¥y = 1.4 as for
air, it was found that the velocities and con-
ductivities were independent of the specific
heat ratio of the gas initially in the channel in
contradiction with the models which ascribed
the conductivity t~ shock heating of the air
initially in the channel,

Perhaps the best explanation of the ob-
served variation of velocity with initial pres-
sure can be derivea from a discussion of the
emergence of a detonation wave from the sur-
face ofga condensed explosive. It can be
shown ~ that for the expansion of the detonation
products into empty space thc velocity of the
gases, u, is given by a relation of the form

2
u=D-cx+(m)cx-D+5.67cx. (10)

where D is the detonation velocity, and c_ is
the velocity of sound in the explosion proéucts
after they have expanded to the point where the
isentropic relation is applicable. In most
cases c_ is approximately | km/sec, and
¥=1, 3.330 that for RDX at a density of 1,7
gm/cm ~, where D is approximately 8 km/sec,
the maximum velocity should be about 13,5
km/sec for one dimensional expansion into
empty space, which is in reasonable agreement
with the value of 12. 7 km/sec which was
observed.

For completeness we wil' consider the
case where the explosive is expanding irto air
and a shock wave is formed ahead of the
detonation products. We will let the pressure
in the air shock be equal to p. Tlke pressure
in the detonatior. products will be reduced to this
value by expansion. We will assume that for the
strong shock in air, ¥ = | so the velncity of the
shock u is given as

;o\ 12
Al

where 0 s the initial air censity. The velocity
u shovld’be equal tc the veiocity o) the explosion
produ -t in the rareracticn wave, as given above,
but mcdified by the fact .hat the velocity of
sound in *he explesisn products is also reduced.
Equating iae v -lucity at the interface between
the explosion products and the thin layer of
shocked air we obtain

y-1
2 C By
=D - 1 - il

For a typical explosive, p_, {s approni-
mately 4000 atmosphergs. In aif at atmospheric
density, p_ = 1.3 x 107 gm/cm”. Substituting
these vuuS- we can solve Equation (12} by nu-
merical methods to find that the pressure in the
air wave, p, is approximately 1/10 of p_, or
400 atmospheres, and the particle v ;s 1e
approximately the detonation vel~

s e i 2 -

The above model is in excellent agreement
with the observed data when it is considered that
the measured velocity is determined by the
transit time between two stations and is there-
fore an average velocity, whereas the initial
velocity is much higher, near the detonation
velocity as predicted.

The important feature of this theory is
that there is a maximum limiting velocity as the
initial gas density is reduced in agreement with
the experimental data. The highest velocities
are obtained when using an explosive with a high
detonation velocity, D, and when expanding into
a vacuum. If ambient gases are present, i.e.,
air or argon as in the experiments reported
herein, the velocity will be reduced bty a factor
which is dependent upon both the isentropic
properties of the explosive and the shock
properties of the ambient gases. However,
because of the jonization which might occur in
the ambient gas»s due to strong shock, there is
the possibility that the maximum power pro-
duction conditions will occur at some optimum
pressure where the product u ¢ i8 maximized,
and not at the highest particle velocity u,
which would occur if the charge were exploded
in vacuo.

Seeding Studies

In the =ariy experiments it was quickly
noted that seeding of the explosive with a low
ionization potential material was required in
order to produce appreciable amounts of power,
i.e,, obtain high electrical condu.tivity. Ina
typical set of experiments in the 1 inch by 1 inch
channel with a magnetic field strength of
1.5 w/m" and with the channel initially at
atrhospheric pressare, an unsceded 7.5 gm
charge gave an open circuit veltage of 130 volts.
The generator had an approximate internal
resistance cf 15C ohms as determined {roin the
voltage-currert ziot. The maximum power
deliversJ to the load was about 28 watts. When
an 1dentical 7.5 gm charge was seeded on the
surface with 0.2 gms of cesium cartonate, the
open circuit voltage rose to 234 velis, the
internal impedance dropped to 0.5 ohms, and the
power to the load increased to 74 kW, These
data indicate that the internal impedance de-
creased by a factor of 300, i.e., the conductivity
increased by a similar factor. Experiments
were then conducted with an active seed materiai,
i.e., one that liberates energy. Cesium
picrate was selected as the most satisfactory
from many consideration. With 0.2 gms of
cesium picrate seed on the surface of the 7.5
~m charges and identical channel conditions,
inther facior of five was obtained in power

“tput over the value obtained with cesium
carbonate. Figure 10 shows the results of a set
of =yperiments undertaken to show c'-1arly the
effe: of using cesium picrate reed :naterial.
Figure lU is a veltage-curvent plot of data
taken :nder identical conditions using seeded
anc unseeded charges. The seed vas 200 mg
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of cesium picrate placed on the inside surface
of the cone of the charge. The data is of
significance in that each poial corresponding

to a comman load resistance was taken without
disconnecting the load and in immediate time
sequence. The difierence in internal impedance
between these two series of experiments was
approximately a factor of 70, Note that the data
of Figure 10 are plotted in semilog fashion be-
cause of the wide range of currents covered.
These results clearly establish the desirability
of seeding the explosive with low ionization
potential materials.

To determine e optiraum seed level for
charges used to drive the 1 inch by 4 inch chan-
nel, a series of experiments were conducted
where the channel was evacuated and then filled
with 10 mm Hg of argon. Different amaunts of
seed were used for each shot. The results of
these experiments are shown in Table 1 which
lists the peak current through a 20 milliohm
ioad resistor ar a function of the mass of
cesium picrate used on each of two explosive
charges. Also given in Table | are the peak
voltages (which may not occur simultaneously
with the pea'. current) and the length of the
pulse, ap dete.mined by the time tc the sharp
cut off in the voltage trace. It can be seen that
the peak current, and hence highest power out-
put, occurs for the 200 mg sezxding case (e.g.,
200 mg s=ed on each of two driving charges).
The pulse is lengthened as the amount of seed
is increased. It should be noted that consid-
erable power can be drawn even if no cesium
picrate is used, i.c., the argon is shock
ionized and acts as the conductor. Thia is
similar to earlier experiments where MHD
power was drawn from the shock waves, i.e.,
the rk of Nagama‘:. "’ in air, and Pain and
Smy "in argon. In the present experiments, it
should be noted that the maximum power is
generated when both argon and cesium picrate
are used.

Table !

Eifect of Seed Level on Output in the
| Inch by 4 Inch Generator

Peal Peak Pulse

Seed Current, Voltage, Length
mg/charge kA volts usec
2 17.7 380 45
] 24.1 550 44
100 26.8 660 49
200 IR0 710 47
Jo0 26.8 vou 49
400 27.8 680 ‘a

In summary the cheice of the cptimum
seed system is rather complex a=1 v il} de-
pend upon many {actors. In particular it
~ppears as taough, oncy .ae conductivity is high
enough so that the magneiic Revmolds nuiiher
-7or-aches unity, the outpul becomes indeperident
of the condu iviiv, and other factors such as the
effeci nf 'k reeding system cn the detona.ion
product velocity become iing rtaut in controiling
the o tnat,

Conductivity Measurements

Because the electrical conductivity g is a
sensitive function of the temperature of the electrons
in the conducting gases, information regarding the
variation of conductivity with initial channel gas
density should help explain the mechaniams
responsible for the conrductivity. Also, the con-
ductivity data, per se, i8 important for the power
generalion experiments since, it determine. the
magnetic Reynolds numter, R,,, fo: a fixed
velocity. The power output characteristic is a
function of R,, as has been previously outlined.
The conductivity is also one of the most difficult
parameters to measure.

In the power generation experiments it was
possille to make a determination of the plasma
current the internal voltage drop, and the size of
tt 2> conductive slug frorn which the conductivity
can be determined. Thea: experiments were con-
ducted in the | inch by I inci. channel wilh an
initial pressure of either 10 or 760 mm Hg of air,
in the channel. The magnetic field was 1.7 w/m",
and the standard explosive charge with 200 mg of
cesium picrate was used as a driver. In the
majority of the experimental shots the electrode
length was 2.0 inches.

Figure {1 is a typical osc.:loscope trace
showing the current and voltage across a 9,45
milliohm: load resistar. The sween sneed is 2
microseconds per centimet~r, the voltayge gain
is 50 volts per cm (upper trace), while the gain
for the current {lower trace) is 1U70 amperes/cm.
The peak current, shown ia the lower trace, is
3500 ainperes, which wouls indicate a power
g aeration level of approximately 1:5 kW at the
time of peak current. The power pulse lasts for
about & microsecopds, then falls off rapidly, with
a dI/dt of about 10° amperes/sec. During the time
the current is falling the voltage trace goes
negative showing the inductive effect tc be much
larger than the ohmic voltage drop. From the
measured dl/dt and the rmeasured voltage drops,
it is estimated that ¢che inductance of the external
load is 0.07 ph. Thus, despite efforts to main-
tain the load inductance as low as possible, the
current is inductance limited over part of the
range of the experirment. In this case the con-
ductance of the plasma cclurmn can be determined :
from the data taken at the peax current when !
dl7/dt - 0, so that the internal volta e drop can e
determinea from the reiation

IRl = Ad - IRL‘

{ne peak current and voltage data froa: 2

large number of shots similar to the one slown
in Figure i, but with different load resistors,
are plotted in Figure 12. Also shown in Figure

1. are a imited number of data points for shots

> > e B,

Y I

where the initial charnei preseure was atmos-
“Neric. The solid lines through the points

repr <cat the generator voltage-current
chara..s~stic, cr load Jine, for the two initial
pressures. [he generator internal resistance or
conductance ¢ deternined by the s.ope of the
ccitage-curreni ““Satacteristic curve. If the
dimensicns of the cur-»* rarrving channe{ are
knawn, and a yniform eledtri- {ield can -e
agsumed, the conductivity can = calcylated {rom
the conductance.
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The similarity in slope Letween the two
characteristics, i.e., 0.109 ohms for the
atmospheric pressure ~urve, and 0.0717 ohms
for the 10 mm Hy curve, indicates that the
conductivity is practically irdependent of the
initial channel pressure and hence is indepen-
dent of the Mach number.

From a similar series of experiments
using 1/2 inch diameter round electrodes it was
determined that the internal resistance of the
generator was 0.08 ohms, or only a factor of 1.1
higher than for the | inch b+ 2 inch electrodes.
Since the electrode area differs by a factor of
10, it is assumed that the small difference in
internal resistance results because the area
occupied by the highly ccnducting detonation
products is small compared to the size of the
large clectrodes. This view is supported by an
examination of puise length versus electrode
length. The velocity of the gas ir roughly
10 km/sec or 1 cm/microsecond. Therefore,
the *- -sit time fcr a 2 inch electrode wou'd be
5 usec. It can be seen in Figure 12 that the
current maximum occurs at about 6 micro-
seconds, which would indicate that the con-
ductive slug is of the order of | cm lone.

Data on pulse length was also taken using
electrodes of the following lengths: 2.0 inches,
1.0 inch, and 0.5 inch. Extrapolating this data
to zero electrode length gave a pulse length of
1.5 microseconds which would correspond to
a thickness of 1.5 cm f{or the conductive slug
in good agreement with the above. Under the
assumption that the conductive material
vniformly fills a 1.5 ¢m length of the flow
channe!, and that the electrode length is long
compared .o the thickness of the slug so that
electrode fringing factors need not be con-
sidered, the conductivity of the channel is
1000 mhos/meter. 1f an allowance is made
for the 40 volt electrode drops which are in-
dicated by probe measurements, the con-
cuctivity of the seeded detonation products is
1100 mho/meter. This conductivity, in a
direction perperdicular to a strong magnetic
field would correspond tc a plasma :cmpcr?a
ture of 90C0 K, using the Spitzer relation .

PRI B B4

T4 050 r .
o= ‘—_ﬂ,‘.rr_‘_____{mho; m), {13

where it is assumed that the product ¢! the
wonic charge, 7, times the logarithm of the
Detye cut-off parameter, _\_, has the
numerical value of ¢. The reason for the high
apparent temperature is not known. However,
it may be implied that mcst of the cesium is
ionized.

In the power gen:ration experiments, the
ionized detonation products are conductive at
least for tirrmen up to »2 microseconds. How-
ever, as will te discissed in the {cllowing
section the voltage-c-irrent relation is very non-
linear when long electrodes are used, whereas,
for the experiment with short elecirodes re-
ported in this sec’ on, the voitage-current
characteristic cv e is reasonadiy linear. The
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reason for the non-linearity is not known. The
present evidence supports the view that the non-
linear characteristic is due to both internal
joule heating and due to an increase in the
axial dimension of the conductive slug.

In summary, it may be stated that very
high conductivities are observes n the seeded
detoration products and the conductivity exists
for times sufficiently long that an appreciable
fraction of the kinetic energy of the detonation
products can be converted to electrical energy.

Variation in Qutput 'vith Load Resistance

Important information can e gained by
examining the output of the explosive driven MHD
generator as the load is changed from open circuit
conditions, to short circuit. In the normal MHD
generator theory, the open circuit voltage is given
by the relation

Vo = uBd, (14)

where u is the gas velocity, B ie the magnetic
field strength, and d is the separaticn between
electrodes. If the electrodes are connected to an
external load so that currents can “e drawn
through the generator, then the voltage across the
load wili be given by

V=v_ -IR.=IR (15)
(o] 3

L »
where I is the current through the generator, R.
is the internal impedance of the generator and

R; is the load impedance. In the more general
case, which mus? be considered here becausz of
the short pulse length, inductive effects must be
included. Under these conditions we have

, dal d
VIR s Ly - = Vo - IRy - {LD)

dL, d
SV IR -1 oL & (16)

where L, and L. are the inductances of the lcad
and the iRterna!l inductance of the generator,
respectively. By variation of R, and L, , the
external parameters most readi*‘y a-.-ail}blc for
change, and by measuring | and V, it is possiole
to estimate R. and L., if it can be assumed that

¥ _i- corstanl over the change in parameters.
From Fijure 9 it is seen that ¢ is not constant
alcng the chrnanel and, furthermore, as will be
noted later, it i1 possible to slow the gases down
by approximately 10% %y the extraction of energy
with low values for the load resistance., Howewver,
as a first approximation it will be assumea that

Y _is constant. If the measurements are made at
the peak current, then diidt = 0 and this relation
simplifies to

4L

VEIR =V -l 1 R (17)

L o n.

v

where |
m

4

is the prak current.

By picing V as a function of I _, then one
can evasuate R, and dL . dt. assuminf the R, does
not vary with (e current level. Figure |V isa
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voltage -current plot of the V and I data taken
in the | inch by 1 inch test section, using the
lh-inch long continuous electrod , and with the
channel initially filled with 10 mm Hg of air.
The first thing which is evident is thai the
voltage current relation is non-linear. The
initial slope, at low currents, corresponds tc
an internal resistance R, of 70 milliohms,
which is in agreement with the short electrode
data shown in Figure 2. As the current level
increases the curve flattens out, with internal
resistance approaching 5 milliohms in the
range hbetween 10 and 20 k%, Because of the
wide range of (irrents which are covered in
these experiments, it is better to plot the data
on semilog paper as is shown in Figure 14. In
this plot, lines of “on=<'ant resistance have a
characteristic shape but they are not stra,ght
as in the linear plot. One thing which becomes
more readily apparent in this plot is the value
of the short circuited current which is
estimated as 25 kA. Also shown on Figure 14
are dotted lines which show the expected
variation in V with I assuming a constant
internal impedance R,, and dL/dt = 0 with V
2ssumed equal to 340 volts. It can be seen
that the apparent internal impedance decreases
with increasing current. Making the additional
assumption that R, is equal to 70 milliohms, a3
is indicated by the low current data, it is then
possible to quite accurately fit the data with the
relation

6.2

V=340-0.071  +8x10 "1 . (18)
m m

where I is in amperes and V is in volts.
Presumg\;ly the last term in the above equation
represents such factors as the time changing
inductance terms, which could include magnetic
bootstrapping effects, and non-linear con-
ductivity whick appears similar to the traasition
to an arc mode which would have z negative
resistance characteristic.

Also drawn as dashed lines on Figure 14
are lines showing constant power output. The
peak power in these experiments with the
! inch by | inch <hannel using air at 10 m: Hy
as the filling gas was about 1.3 MW.

The data for the argon experiments are
showrn in Figure '5. The details of these
experiments were identical to those reported
Zove except that the channel was evacuated and
then filled te a pressure of ‘0 mm Hg with
argon. The results of the two experiments are
similar except that the peak current is about a
factor of two higher fcr the argon experiment.

The peak power in the argon runs was about } MW,

As before, it 18 possible to fit the data with a
series expansion in the current variable of the
following form:

-7

hl »
VeV -IRi' A1 - 325 ¢ 0157+ 3 x0TIV, 1)

wheredis the second coefficient of the expansion.
Comparnison with the data for 2ir shows that Vv

1s only slightly Imwer than for avr, whereas R,
with argen is a factor of " jower, and 313 a *
factor of 25 lower.

The lower value for V_ is consistent with a
decrease in velocity vhich was observed when the
initial pressure of argon is increased, and
represents the difference in mass of the comparable
volumes of air or argon which are swept up by the
detenation product front moving down the channel.
The reasons for the change in R, and S8are more
subtle. Measurements were made of the
characteristics of the generator for experiments
where the channel was maintained at 10 mm Hg
of argon, but no seed was used in the explosive
charge. In onc experiment where a 6 millichm
load resistor was used, a current of 9.2 kA was
measured, as compared to the 20 kA current
shown in Figure 15. This experiment implies
that the argon is ionized by the explosive s™ock
and is capale of achieving high levels of cc.
ductivity, of the order :f 700 to 1000 mho/.: ter,
which is comparable to the conductivity of the
detonation products. Thus, there .an be two
possible paths for the generator current, i.e.,
through the ionized cesium in the detonation
products and through the ionized argon. The in-
crease in current when using both cesium seed
and argon accounts for the increase in output
power shown in rigure 8.

Variation in Qutput with Magnetic Field

I'ne output voltage of an MHD generator .s
a function of the applied magnetic fieid, i.e.,

. d
V= uBd - IR, - 3 (L) . (20)

Therefore, if we make a measurement of the open
circuit voltage, where I = 0 we can examine the
effect of the magnetic field upon the output of the
generator by comparing thz data to the reiation

voc = uBd, ()

where u, B and d are measured separately and in-
dependently.

Figure it is a plot of the open circuit volt-
age of the | inch by | inch generator when it is
operatedwith the channel initially at atmospheric
pressure as a function of the applied magnetic
ficld. Equation (21} fits the data very well. TChe
effective velocity u as derived from the slope of
Figure t6 is ;.7 km/sec, wherecas the measured
velod ity @t the propagation of the tront of the
conductive region is 6.0 km.sec. One possible
<xplanation for this descrepancy i3 that the
velocity of the gas hehind a sho-k is equal to the
shock velccity minus the velocity of sourdin the
shocked gases or detonation products, i.e.,

e Ma -~ ¢, {22}
o x

wher. M s the Mach number. a_ the specd ¢f sound
in air, or the gas 11 which the shock is propagating,
and ¢ 1s the velovity of sound in the delonation
products. This data would suggest that ¢ is

o3 kmsec. =

The data from the power generation and cen-
dyctivity experiments which were conducted a
lower pressures do nt agree as weil with
Eguations (21} and {22}, For e-ample, the data
expressed by Equation (1 8) gives tne measured
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cftecti ¢ product 1Bd of 340 volts. For an
electrode separation of 2. 54 cm, and a
magn~tic field of 1.7 w/m", the effective
velocity is u = 7.9 km/sec, whereas the
measured velocity is 10,3 km/sec. The limited
open circuit voliage data taken with the 1 inch
by 4 inch generator indicate the same sort of
discrepancy. The data suggest that the output
voltage is a constaat fraction of about 0.8 of
the uBd product. On thie basis it is indicated
that the problem is not due to electrode dreps,
or sheaths, etc., which would tend to be a
smaller fraction of the open circuit output in
the larger generator, but is due to come other
factor.

One posgible explanation is that the effect
is due to circulating :urrents which arise
because of the axial velocity distripution of the
deciouation prouucts., The back and the front of
the conductive slug, which move at different
velocities, are connected by the electrodes
which provide an axial path for the circuiating
currents.

..Ii"_".f.i Placement Studies

During the course of the experimental
program it was discovered that under some con-
ditions the output of the generator depended upon
the physical iocation of the load. If the load
was connected at the dowustream end of the long
electrodes, currents flowing through the
electrcdes changed the magnetic field in front
of the conductive slug by "magnetic boot-
strapping.' For the 1 inci. by | inch generator
feeding a 1.3 milliohm load the cu-rent was in-
creased by a fzitor of two, from 6, 85 kA to
15.0 kA, when the load vesistor was moved
from the upstream end of the electrode to t!
downstream location. To explain this effect
the fcllowing theory, which views the
generator in terms of lumped electrical
parameters, was developed.

Inasmuch as the generator ~lactrodes are
extended and may therefore contribute appreci-
ably to the impedance of the generator-load
circuit, the question arises as to the most
favoralle position for the local connection of the
load. As the plasma conductor moves ‘rom one
end of the electrodes to the other, the inductance
and resistance of the circuit may vary appreci-
ably in time. Clearly the functional character
of the variations depends on whether the load
is connected to the upstream end of the electrodes,
to the downstream end, or perhaps to some
intermediate point.

Some insight into this question of load
position is readily derived from the following
simrptified lumped-parameter description of the
circuit. Let L and R be the total inductance
and resistance of the circuit consiting of the
moving plasma conductor. electrodes, leads,
and load. Letu be the speed of the pla.ma

conductor and B the magnitude of the applied field
through whirh it moves. Neglecting displacement
currents the Kirchhoff equation for the circuital
current [ is

a‘%(m) + RI = uBds(t) , (23)

where d is the interelectrode spacing and s(t) is a
1n1it step function in time taking t = 0 as the time
the plasma conductor first bridges the electrodes.

In general, u,B,L, and R are time dependent.
The parameters L and R depend explicitly on the
position of the locd. For simplicity in the present
analysis let the resistance be considered essentially
constant, Ro say.

If now the inductance is expanded in a power
series of a suitable expansicn parameter, @, the
current can be similarly expanded:

Lit,x) - L +oaL(t,x)+ .... (24}
o 1
and

I, %) = I8+ ad(t,%) + ... (25)

where x is the position of the load cornections
irum the ups‘ream end of the eiectrcdes. Sub-
stituting into (23} yielda the following equations for
Io and I,

di
[*] _ .
Lo el ROIO = uBd s{t) {26)
dIl dLl dI:>
Lo *Boh=-low -hiar - 7

I+ is to be noted that the right hand side of Equation
(27) for I, contains a source term proportional to
IQ and is pnsitive when the inductance decreases
with time. This term accounts for the voltage
induced in the plasma conductor as it moves
through the magnetic field arising from the

current Io'

If it is assumed that u and B are substantially
constant, the solution of {26) is simply

_uBd -t/T L.
It -ﬁ;—(l e, 0408 /a,  (28)
where the current rise time is TELO/RO and £
is the length of the electrodes.

The solution of (27) is, after partial
integration,

L, %
I(t,x) = - "I(:'f 14t)

t
-t/T ~ e»t/‘r Ll(t,x)

+ 'Tlo‘t) dt. (29)

4lo

o

Given the functional dependence of L, on time and
the position of the load connections the currsent
can be determined,
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The average power delivered to a load
resistance RL is evicdentiy

L _
1°(t, x) R dt. (30)

An extreme in the average power occurs when the
lcad is positioned at x as given by 0Pfx = 0, or

Ll N
e X ge o, (30)

(o]

As a particularly simple example of the
effect of varying the position of the ioad, con-
sider tke limiting case for which the current
rise time is long compared with the transit
time of the plasma conductor along the
electrodes. According to (25), (27, and (28)
then

Nt x) I () - o —— 1(1), >0/, (32)

Substitution of the current given by (32) into
condition {31) yields

L 2 BLl(x-ut)
IO — dt = 0, (33)
°

when terms to first order in & are retained in
P. It is assumed that L., is a function of the
distance between the plaLma conductor and the
load connectiona. For definiteness consider a
primitive bilinear function, namely

X -ut
According to (33) then the condition for a maxi-
raumn in load power occurs when the load con-
nections are at a distance x from the upstream
end of the electrodes as given by

Ll(x-ut) + Lo (34)

x/u L

2 2
‘( 17°(t) dt= 17 (t) at. {35)
o ° ch./u °

Thus, it i8 found that in the case for which

T = Lo/R >>f fu the load connections should be
made at pgint along the electrodes on either
side of which the areas under Io(t) are equal.

In eddition to consiu.ration of load posi-
tion there is the question of the load impedance
for maximum power transfer, The usual
statement of the power-transfer theorem is that
the load impedance shouid be the complex
conjugate of the yenerater impedance; that is, a
negative inductaiice ahould be inserted in series
with the load. Crudely applied to the preaent

model, the thecrem would require that a capacitor
on the order of

4L°

Re
should parallel a load resistance equal to the
_nternal resistance of the generator.

In conclusion, it is perhaps noteworthy that
Equation (23) admits an integrating factor

exp_(R dt which leads readily to the general
solution

R R
-l dt t dt
d jf j uBeS-I'- dt, 0£t£ f/u.(37)

I{t) =-L e
o]

The above solution for the current by successive
approximations is practically useful only if the
time~-variant contribution by the electrodes to the
total inductance is relatively small. Solution {(37)
is, of course, not restricted by this condition and
may be useful for more detailed analytical investi-
gations. It should be appreciated that in reality
R, B, and u as well as L will be time varying. If
these parameters can be experimentally determined,
numerical methods can be used to determine the
optimum position of the load.

Probe Studies

When using a long, continuous electrode in
the explosive driven MHD channel, it is difficult
to determine the position and hence the velocity
of the conducting front. To determine this in-
formation and to estimate the length of the con-
ductir.,g region, a series of four probes was in-
stall:d in the upper electrode. The four probes
were copper wires 1. £ mm in diameter, installed
in holes drilled through the four electrode mount-
ing studs. The probes were insulated from the
electrode structure and were flush with the sur-
face of the electrode ir contact with the gas
stream. They were mounted at distances of 4.5,
14.6, 24.7, and 40.0 cm respectively irom the
trigger electrode. For these experiments, which
were conducted in the 1 inch by 1 inch channel,
the magnetic field was 1.7 w/m?2 and the iritial
nressure was 10 mm Hg of either air or argon.
Figure 17 is a composite drawing which shows
the four probe traces plotted with their origins
at the apprepriate distance along the channel in
the form of an X-t diagram. It can be seen that
the detonation products propagate in air with a
sharply defined front. It is also apparent that
the slug of detonation products has a structure
that expands as it flows down the channel and
would cause a distribution in velocities along the
conducting slug. There is a sharp spike in the
traces for the third and fourth probes at about
46 microseconds, apparently caused when the
rear of the conducting slug leavcs the electrode.

//
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It can be seen that the velocity is attenuat-
ec slightly as the detonation products move down
the channel. The initial velocity is approxim-
mately 12.1 km/sec, which slows down to
8.9 km/sec between the third and fourth probes.
The average velocity is 10.3 km/sec over the

length of the channel with this lnad. For this 2. Jones, Malcolm S., Jr., Blackman, V. H.,
experiment the load resistance was 19 milli- Brumfield, R. C., Evans, E. .,
ohms and the total energy output was 43 McKinnon, C. N., Research on the
joules. An average of data taken with ar 0.5 Physics of Pulsed MHD Generators,
ohm load resistor, which is almost equivalent MHD Research, Inc. Final Report No.
to an open circuit condition, irdicates an 646, Dec. 1963.
average velocity of 10.5 km/sec. These results
would imply that the removal of 43 joules of 3. Pain, H. J., and Smy, P. R., J.F.M.,
energy has slowed the detonation products by 11, 51, Feb. 1961.
0.2 km./sec.
. 4, Jones, Malcolm S., Jr., et al, Research
A number of similar shots were made on the Physics of Continuous and Pulse
with argon as the initial gas in the channel. MHLD Generators, Second Semiannual
In the argon shots there is a precursor which Technical Report, MHD Research, Inc.,
causes the voltage on the probe to rise before Report 640, August 1963.
the front arrives. It is generally possible to
determine the arrival of the front by a steep 5. Jones, D, L., The Energy Parameter B
increase in voltage on che probe. From data for Strong Blast Waves, Eatmnaf Bureau
taken with various load resis .8, it was pos- of Standards, Technical Note 155, July
sible to calculate the energy output for each 1962,
shot and to measure the slowing down from the
time required for the front to reach the fourth 6. Koski, W. S., Lucy, F. A., Shreffler,
probe. Several shots were taken with each R. G., and Willig, F. J., Phys. Fluids
load resistor so that there is some degree of 23, 1300, Dec. 1962,
confidence in the results. -
7. Rosciszewski, Jan, ARS Journal, p 1462,
Figure 13 is a plot showing the change in Sept. 1962,
velocity as a function of the number of joules
delivered to the external load. It can be seen 8. Zeldovich, Ia. B., and Kompaneets,
from Figure 18 that removing 16. 5 joules of A. S., Theory of Detonation, A-ademic
electrical energy slows the detonation product Press, New York and London, 1960,
front by 0.1 km/sec. This data supports the
previous assumption that the velocity was not 9. Nagamutsu, H, T., Sheer, R. E., and
markedly changed in the present experiments Weil, J. A., Non-Linear Electrical
by the MHD interaction. The fact that the Conductivity of Flasma for Magneto-
detonation products are appreciably slowed by hydrodynamic Power Generation, ARS
the removal of this amount of energy indicates Paper 2632-62, Space Power Syatems
that the actual conversion efficiency, mechanical Conference, Santa Monica, California,
to electrical, is almost an order of magnitude Sept. 1962.
higher than the indicated chemical to electrical
cgnversion efficiency, 10. Spitzer, L. J., Physics of Fully Ionized
Gases, laterscience Publishers, New
6. Conclusion York, 1956.
13
It he#s—baen demonstrated that short pulses 11. Rosciszewski, Jan, and Oppenheim, A.K.,

of electrical power can be generated by MHD
principles using condensed sxplosives as the
enargy source. This work has been particularly
successful in that large pulses of power have
been obtained with relatively high conversion
efficiencies. The scaling of these results to
larger sizes to produce systems with greater
outputs appears relatively straightforward.
Additional work is needed to determine the
optimum values for the various parameters,
however, the baeric principles arc well under-
stood and the direction for future work to in-
crease output and efficiency can be clearly
outlined,
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Oscilloscope trace showing voltage and
current output of 1'" x 4'' explosive driven
MHD generator. Sweep speed 10 micro-
seconds/cm. Upper trace is output voltage
at 200 volts/cm, lower trace is current at
10, 700 amperes/cm. For this gxperiment
the magnetic field was 2.2 w/m  and the
channel was filled with 10 mm Hg of helium.
The initial value of the load resistance was
0.0201 olims.
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Figure

Typical escilloscope trace from explosive driven MHD
generator., Upper trace is the volitage across 0.00945
ohm resistor, at 50 volts/cni gain. Lower trace is cur-
rent through load, gain is 1070 amperes/cm. Initial
pressure is 10 mm Hg, magnetic field 17 KG, and sweep
speed 2 4 sec/cm.
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Output voltage at peak current for the 1 inch x 1 inch channel at 10 mm Hg, air.
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Open Circuit Voltage
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